Introduction
Cell shape changes are of fundamental importance during embryonic development. Localized changes in cell shape, such as apical constriction and basal expansion, drive folding of epithelial tissues whereas more complex shape changes bring about specialized function in terminally differentiated cells (Glotzer, 2005; Fernandez-Gonzalez et al., 2009; Martin et al., 2009; Pollard, 2010; Rauzi et al., 2010; Salbreux et al., 2012) . Morphological remodeling depends on tightly coordinated cycles of plasma membrane expansion and contraction (Lecuit and Pilot, 2003; Fabrowski et al., 2013; Figard et al., 2013) . Whereas plasma membrane expansion requires the addition of new membranes, plasma membrane contraction depends primarily on forces generated by the actomyosin apparatus (Behrndt et al., 2012; Mason et al., 2013) . To achieve effective cell shape changes, actomyosin contraction must be kept on hold during plasma membrane expansion. The mechanisms underlying this temporal coordination are poorly understood.
The cellularization of the early Drosophila melanogaster embryo provides a suitable model system to address the mechanisms underlying coupling of actomyosin contraction with plasma membrane expansion during tissue morphogenesis (Schejter and Wieschaus, 1993b; Sullivan and Theurkauf, 1995) . The early embryo undergoes 13 rapid nuclear divisions without intervening cytokinesis. During interphase of cycle 14, cellularization transforms the syncytial embryo into a monolayer of 6,000 columnar epithelial cells. This morphogenetic process starts with the invagination of plasma membrane in between cortically anchored nuclei, followed by expansion for 40 µm perpendicular to the cortex of the embryo. This invagination process increases the surface area 30-fold and is characterized by a slow (40 min) and a fast phase (20 min) of membrane growth (Lecuit and Wieschaus, 2000) . The slow phase begins with the invagination of the plasma membrane and assembly of cleavage furrows, which establish a network of interconnected hexagonal actomyosin arrays at their leading edge (Schejter and Wieschaus, 1993a) . The contractile properties and molecular composition of this network change over time with the level of myosin-II increasing progressively (Royou et al., 2004; Thomas and Wieschaus, 2004) . As the invaginating plasma membrane reaches the base of the nuclei, the hexagonal network is converted into individual actomyosin rings, which eventually contract and drive the closure of the cells basally. This temporal sequence of events is under the regulation of zygotic transcription (Merrill et al., 1988; Wieschaus and Sweeton, 1988) . R emodeling of cell shape during morphogenesis is driven by the coordinated expansion and contraction of specific plasma membrane domains. Loss of this coordination results in abnormal cell shape and embryonic lethality. Here, we show that plasma membrane lipid composition plays a key role in coordinating plasma membrane contraction during expansion. We found that an increase in PI(4,5)P 2 levels caused premature actomyosin contraction, resulting in the formation of shortened cells. Conversely, acute depletion of PI(4,5)P 2 blocked plasma membrane expansion and led to premature actomyosin disassembly. PI(4,5)P 2 -mediated contractility is counteracted by PI(3,4,5)P 3 and the zygotic gene bottleneck, which acts by limiting myosin recruitment during plasma membrane expansion. Collectively, these data support a model in which the ratio of PI(4,5)P 2 /PI(3,4,5)P 3 coordinates actomyosin contractility and plasma membrane expansion during tissue morphogenesis, thus ensuring proper cell shape. PI(3, 4, 5 )P 3 -dependent developmental processes, we tested the effect of an acute administration of PI(4,5)P 2 and PI(3,4,5)P 3 . We used membrane-permeant analogues henceforth referred to as PI(4,5)P 2 /AM and PI(3,4,5)P 3 /AM. These compounds are modified by the addition of acetoxymethyl esters (AM esters) and butyrates, which mask the charged phosphate groups and the hydroxyl groups, respectively. The cytoplasmic cleavage of these bioactivatable esters leads to unmasking of phosphate groups and a resulting reconstitution of biological function. Importantly, the masked compounds lack the tendency of forming insoluble precipitates with divalent cations and are therefore applicable in physiological buffer systems (Schultz, 2003; Laketa et al., 2009) .
We investigated the effect of PI(4,5)P 2 /AM and PI(3,4,5)P 3 / AM on morphogenesis in embryos expressing the regulatory light chain of nonmuscle myosin-II (spaghetti squash [sqh]) tagged with GFP (Sqh::GFP), which allows visualization of myosin network dynamics (Royou et al., 2004) . Additionally, embryos expressing Spider::GFP (Morin et al., 2001) and histone::GFP were used to visualize the plasma membrane and the nuclei, respectively (see Fig. 1 , A and B for a schematic of cellularization). Pre-cellularizing embryos were injected with either PI(4,5)P 2 / AM or PI(3,4,5)P 3 /AM and imaged using two-photon microscopy. In control-injected embryos, cellularization proceeded without any visible morphological abnormalities ( Fig. 1 , C-C; see also Fig. 2, A and B; and Video 1) . Injection of PI(4,5)P 2 /AM resulted in a strong and reproducible phenotype characterized by premature constriction of actomyosin rings and shortening of the cells (Fig. 1 , D-D; and Video 2). Imaging of Sqh:: GFP showed that the normal hexagonal pattern of interconnected actomyosin arrays did not form. Instead, actomyosin rings constricted during the slow phase before the plasma membrane had passed the base of the nuclei (Fig. 1 D) . As a consequence, the nuclei remained trapped in constricted actomyosin rings and were pushed toward the interior of the embryo (Fig. 2 A) , resulting in the formation of short cells with abnormal shape (Fig. 2 B) . Imaging from an apical cross section demonstrated that although the furrows had invaginated for only 5 µm, the area of most actomyosin rings was strongly reduced ( Fig. 1 G) compared with control-injected embryos ( Fig. 1 F) , indicating that the actomyosin network was hyper-contracted. Injection of PI(4,5)P 2 /AM before cycle 13 did not alter the normal dynamics of metaphase furrow formation and regression, thus showing that the PI(4,5)P 2 -induced phenotype is specific for the early phase of cellularization. Only when embryos entered cycle 14 did the hyper-constricted phenotype manifest itself ( Fig. S1 , A-D). We confirmed that ectopic PI(4,5)P 2 /AM was indeed incorporated into the plasma membrane by showing increased recruitment of PLC1-PH-GFP, a well-established PI(4,5)P 2 sensor (Fig. S1 , E and F).
PI(3,4,5)P 3 is also localized at the plasma membrane and regulates membrane/cytoskeleton remodeling. In embryos injected with PI(3,4,5)P 3 /AM, the cleavage furrows assembled normally ( Fig. 1 E) . However, over the course of cellularization we observed a progressive disassembly of the myosin-II network, resulting in the multi-layering of nuclei and eventually in the formation of multinucleated cells ( Fig. 1 , E, E, and H; and Video 3). PI(3,4,5)P 3 /AM-injected embryos showed no delay in Previous zygotic screens led to the identification of the bottleneck mutant phenotype, whose major characteristic is the premature contraction of the actomyosin network (Schejter and Wieschaus, 1993a) . As a consequence, nuclei remain trapped in hyper-constricted actomyosin rings and are pushed away from the epithelium, resulting in the formation of short cells without nuclei. Bottleneck (Bnk) is zygotically expressed, localizes to the hexagonal actomyosin arrays during the slow phase, and is then quickly degraded during the fast phase when the plasma membrane reaches the base of the nuclei and the network breaks down into individual contractile actomyosin rings. In bottleneck mutant embryos the transition into contractile actomyosin rings occurs during the slow phase, causing the characteristic morphological alterations described above (Schejter and Wieschaus, 1993a; Theurkauf, 1994) . Bottleneck is a highly basic protein of 300 residues without any known protein domain or interacting factor, which could help explain its mechanism of action.
Plasma membrane phosphoinositides, in particular PI(4,5)P 2 and PI(3,4,5)P 3 , play an important role in coupling actin with membrane dynamics (Insall and Weiner, 2001; Janetopoulos and Devreotes, 2006; Comer and Parent, 2007) . Many actin-binding proteins are recruited to PI(4,5)P 2 -or PI(3,4,5)P 3 -enriched plasma membrane domains, where they control the rate of actin polymerization (Mayer et al., 1993; McLaughlin et al., 2002; Moss, 2012) . Altering PI(4,5)P 2 and PI(3,4,5)P 3 levels might therefore provide insight into the mechanisms underlying the temporal coordination between plasma membrane remodeling and contractility during morphogenesis. However, the relatively long time that is required to manipulate phosphoinositide levels using traditional genetic approaches, such as knock-out or overexpression of enzymes controlling their metabolism, has made it so far difficult to characterize their impact on morphogenesis (Schultz, 2010) . Furthermore, phosphoinositides are likely required at multiple stages during development, thus preventing interference with their function at specific developmental stages without affecting earlier processes. To circumvent this limitation, we used a combination of membrane-permeant phosphoinositides and the rapamycin-inducible protein dimerization system to temporally control the levels of phosphoinositides during cellularization. Using this approach we demonstrate that PI(4,5)P 2 is required for the assembly of the actomyosin network and for promoting its contractility during the fast phase. PI(3,4,5)P 3 is required for maintaining the structural organization of the actomyosin network into an integrated array of hexagonal units, thus preventing constriction of actomyosin rings during the slow phase. We further demonstrate that PI(3,4,5)P 3 is required to stabilize Bnk at the furrows and that Bnk acts by stabilizing actin filaments and by inhibiting myosin recruitment during the slow phase of cellularization. This PI(4,5)P 2 /PI(3,4,5)P 3 -based mechanism ensures that cells of the correct size and shape are generated.
Results
Increasing PI(4,5)P 2 levels during cellularization causes premature
contraction of the actomyosin network
To investigate the role of plasma membrane phosphoinositides during cellularization without interfering with earlier PI(4,5)P 2 / Increasing PI(4,5)P 2 levels during cellularization increases the stability and recruitment of myosin-II to the actomyosin network A large body of experimental evidence has demonstrated that levels of myosin determine the contractile properties of the rate of plasma membrane invagination (Fig. 2 , A and B). Thus, the ectopic increase of PI(4,5)P 2 and PI(3,4,5)P 3 resulted in two different and complementary phenotypes: PI(4,5)P 2 promoted actomyosin contractility and shortening of the cells and PI(3,4,5)P 3 caused the disassembly of the actomyosin network and formation of multinucleated cells. Figure 1 . Injection of plasma membrane phosphoinositides causes premature constriction (PI(4,5)P 2 /AM) and disassembly (PI(3,4,5)P 3 / AM) of the actomyosin network. (A and B) Schematic summarizing the progression of cellularization in an optical cross section (A) and from a surface view at the plane of the actomyosin network (B). Note the changes in myosin organization (green) from the slow phase (left) to the fast phase/end of cellularization (right). See Introduction for details. (C-E) Still frames from time-lapse two-photon movies of a cellularizing embryo expressing Sqh::GFP injected before the beginning of cellularization with: carrier (C, C, and C), PI(4,5)P 2 /AM to a final concentration of 50 µM (D, D, and D), and PI(3,4,5)P 3 /AM to a final concentration of 20 µM (E, E, and E). Three different time points are shown: 0 min (C, D, and E), 30 min (C, D, and E), and 50 min (C, D, and E). In control-injected embryos cleavage furrows are assembled and ingress normally (C, C, and C). In PI(4,5)P 2 /AM-injected embryos nuclei remain trapped in hyper-constricted actomyosin rings and are pushed away from the epithelium into the interior of the embryo (D, D, and D). In PI(3,4,5)P 3 /AM-injected embryos furrows are progressively disassembled, resulting in the formation of multinucleated cells and multi-layering (E, E, and E). In C-E some nuclei have been labeled in red to show their position with respect to the Sqh::GFP invaginating furrows. Insets in C-E represent the magnified area of corresponding boxes. Bars, 10 µm. (F-H) Apical view of a cellularizing embryo expressing Sqh::GFP injected with: carrier (F), PI(4,5)P 2 /AM (G), or PI(3,4,5)P 3 /AM (H) taken 30 min (F and G) and 50 min (H) after the beginning of cellularization. Arrows show actomyosin hyper-constricted rings upon PI(4,5)P 2 /AM injection. Bar, 10 µm. PI(4,5)P 2 /AM revealed that the kinetics of recovery were significantly different from wild-type early embryos and very similar to wild-type embryos during fast phase ( Fig. 3 B and Video 7) Thus, PI(4,5)P 2 /AM injection causes the stabilization of myosin-II. Furthermore, starting from the onset of cellularization, Sqh:: GFP levels were significantly higher in PI(4,5)P 2 /AM-injected embryos than in control embryos ( Fig. 3 C) . Thus, increasing the levels of PI(4,5)P 2 causes an increase in the levels and stability of myosin-II, consistent with the hypothesis that PI(4,5)P 2 causes premature contraction of the actomyosin network. Having established that an increase in PI(4,5)P 2 levels causes the premature contraction of the actomyosin network, we next tested whether PI(4,5)P 2 was also required for actomyosin contractility. To control the endogenous plasma membrane levels of PI(4,5)P 2 , we took advantage of the rapamycin-inducible dimerization system, which has been extensively used in cell culture actomyosin networks (Levayer and Lecuit, 2012 ). The concentration of myosin increases progressively from the beginning to the end of cellularization (Video 4), and myosin activity is absolutely required for the constriction of the actomyosin rings and basal closure (Royou et al., 2004) . In agreement with a possible involvement of PI(4,5)P 2 in regulating the contractility of the actomyosin network, the PI(4,5)P 2 sensor PLC1-PH::GFP and Sqh::mCherry overlapped at the leading edge of the furrows over the entire course of cellularization ( Fig. 3 A) . To further test this hypothesis, we monitored the rate and turnover of Sqh::GFP in PI(4,5)P 2 /AM-injected embryos. FRAP experiments performed in wild-type embryos showed that the recovery of Sqh::GFP fluorescence was significantly faster in embryos in the slow phase (early) than in the fast phase (late) of cellularization ( Fig. 3 B and Videos 5 and 6). In early embryos, the recovery of Sqh::GFP fluorescence reached a plateau at 80% ± 2 of the pre-bleached level in 130 s, compared with 60% ± 1 recovery over the same time in late embryos. Thus, myosin-II is more stably associated with the actomyosin network during late cellularization than early cellularization. Analysis of FRAP experiments performed in early embryos injected with Figure 2 . PI(4,5)P 2 /AM injection causes shortening of the cells and exclusion of nuclei from the epithelium. (A-A) Still frame from time-lapse two-photon movies of a cellularizing embryo expressing histone::GFP injected before the beginning of cellularization with: carrier (A), PI(4,5)P 2 /AM (A), and PI(3,4,5)P 3 / AM (A) taken 50 min after the beginning of cellularization. In control-injected embryos nuclei area attached at the cortex and elongate over the course of cellularization (A). In PI(4,5)P 2 /AM-injected embryos, nuclei remain trapped in actomyosin hyper-constricted rings and are dragged toward the interior of the embryo (A). PI(3,4,5)P 3 /AM-injected nuclei do not elongate and detach from the cortex, resulting in multi-layering (A"). Red line indicates the furrow position in each condition. (B-B") Still frame from time-lapse two-photon movies of a cellularizing embryo expressing Spider::GFP injected before the beginning of cellularization with: carrier (B), PI(4,5)P 2 /AM (B), and PI(3,4,5)P 3 /AM (B) taken 50 min after the beginning of cellularization. In control-injected embryos plasma membrane invaginates uniformly, giving rise to cells of 40 µm (B). In PI(4,5)P 2 /AM-injected embryos, plasma membrane invaginates in an irregular manner, resulting in the formation of shortened cells (B). PI(3,4,5)P 3 /AM-injected embryos show no delay in the rate of plasma membrane invagination, although cells have an abnormal shape (B"). The red line in B and B" indicates the cell length of the control-injected embryo shown in B. Bar, 10 µm. membrane (Fig. 4 , E and I). When rapamycin was injected before the beginning of cellularization, the recruitment of the 5Ptase to the plasma membrane caused a progressive disassembly of the myosin network and arrest of plasma membrane invagination ( Fig. 4 , F-H). Injection of rapamycin after the onset of cellularization did not block plasma membrane invagination (Fig. 4 , J and K). However, when the plasma membrane reached the base of the nuclei, the actomyosin network did not convert into contractile rings (Fig. 4 L) . In control embryos, the area of the actomyosin rings was significantly smaller than the area of similar stage rapamycin-injected embryos (Fig. 4 L) . Injection of rapamycin in embryos carrying the FKBP12 domain alone did not cause any visible cellularization phenotype (Fig. 4 , M-P). Thus, PI(4,5)P 2 is essential for stabilizing the actomyosin network during early cellularization and for contractility after cells have reached their final length, during late cellularization.
PI(3,4,5)P 3 and Bottleneck antagonize PI(4,5)P 2 contractility during the slow phase of cellularization
The results presented above suggest that PI(4,5)P 2 -mediated contractility is normally inhibited during the slow phase of cellularization. In fully polarized epithelial cells and in dividing cells, PI(4,5)P 2 and PI(3,4,5)P 3 are compartmentalized into distinct membrane domains where they exert different effects on actin organization (Insall and Weiner, 2001; Janetopoulos and Devreotes, 2006; Comer and Parent, 2007) . Live imaging of embryos expressing the PI(3,4,5)P 3 sensor GFP::Akt-PH showed that PI(3,4,5)P 3 was detectable at the leading edge of the furrows only during the slow phase of cellularization ( Fig. 5 A) , indicating that PI(3,4,5)P 3 could be part of the mechanism counteracting actomyosin contractility. To test this hypothesis, embryos were injected with wortmannin, a PI-3 kinase inhibitor that blocks the conversion of PI(4,5)P 2 into PI(3,4,5)P 3 . In wortmannin-injected embryos, the normal hexagonal pattern of tightly juxtaposed actomyosin arrays converted prematurely into actomyosin rings during the slow phase of cellularization ( Fig. 5 , C and E), recapitulating the PI(4,5)P 2 -injected phenotype ( Fig. 1 G) . Loss of GFP::Akt-PH from the plasma membrane upon wortmannin injection confirmed inhibition of PI(3,4,5)P 3 production ( Fig. S3 , A-H). Importantly, injection of wortmannin before cycle 14 did not inhibit metaphase furrow formation and retraction ( Fig. S3 , I-L), thus demonstrating that PI-3 kinase activity is specifically required during the slow phase of cellularization, at the same time when the PI(4,5)P 2induced phenotype is manifested.
The phenotype observed upon increasing the levels of PI(4,5)P 2 or decreasing the levels of PI(3,4,5)P 3 phenocopies the bottleneck mutation (Schejter and Wieschaus, 1993a; Fig. 5, F and G) , suggesting that Bnk and PI(3,4,5)P 3 antagonize the contractile-promoting activity of PI(4,5)P 2 during the slow phase of cellularization. Multiple lines of evidence support this hypothesis. First, FRAP experiments performed in bottleneck mutant embryos demonstrated a slower recovery rate of Sqh:: GFP compared with wild-type embryos ( Fig. 6 A and Video 8) and similar to PI(4,5)P 2 /AM-injected embryos (Fig. 3 B) . In addition, the lack of Bnk caused the levels of Sqh::GFP during the to translocate the inositol polyphosphate 5-phosphatase (5Ptase) to the plasma membrane in a temporally regulated manner and to convert PI(4,5)P 2 into PI(4)P (Suh et al., 2006; Varnai et al., 2006; Putyrski and Schultz, 2012 ). The rapamycin system is based on the heterodimerization of FRB (fragment of mammalian target of rapamycin) and FKBP12 protein domains (FK506 binding protein 12) in the presence of rapamycin (Muthuswamy et al., 1999) . We first confirmed that this system could efficiently deplete PI(4,5)P 2 in Drosophila S2 cells by following the loss of plasma membrane localization of the PI(4,5)P 2 sensor, PLC1-PH-GFP ( Fig. S2 ). We next generated transgenic flies coexpressing (a) the FRB domain coupled to the palmitoylation sequence of human GAP43, which serves as a plasma membrane anchor, (b) a truncated cytosolic form of the 5Ptase fused to the FKBP12 domain (Varnai et al., 2006) , and (c) Sqh::GFP. In the absence of rapamycin, the 5Ptase remained cytosolic and cellularization proceeded normally (Fig. 4 , A-D). Injection of rapamycin caused a rapid and efficient translocation of the 5Ptase to the plasma Figure 3 . PI(4,5)P 2 /AM injection increases the stability and recruitment of myosin-II to the actomyosin network. (A) Still frames from a time-lapse two-photon movie of a cellularizing embryo expressing the PI(4,5)P 2 sensor PLC1-PH::GFP (green) and Sqh::mCherry (red) showing the overlap between PI(4,5)P 2 and myosin-II over the course of cellularization (0, 30, 40, and 60 min). Note: the bright fluorescent spots below the cellularization front correspond to autofluorescence of yolk granules. Bar, 10 µm. (B) FRAP analysis in Sqh::GFP-expressing embryos. During the slow phase of cellularization the recovery rate of Sqh::GFP is much faster than during the fast phase, indicating that myosin-II is more stably associated at the furrow during late stages. In PI(4,5)P 2 /AM-injected embryos the recovery rates during the slow phase are significantly slower than control-injected embryos and are comparable with the recovery rates of late embryos (Student's t test, P value = 7.76 × 10 15 for wild-type early embryos compared with PI(4,5)P 2 -injected embryos; n = 3 embryos each condition). Errors bars represent mean ± SD. (C) Quantification of Sqh::GFP fluorescence intensity at the furrow in early embryos, late embryos, and PI(4,5)P 2 -injected embryos. Sqh::GFP levels increase from early to late stages of cellularization. Injection of PI(4,5)P 2 /AM causes a twofold increase in Sqh::GFP levels in early embryos (Student's t test, P = 0.039). Each dot represents an embryo. At least three independent experiments were quantified. Furthermore, injection of PI(3,4,5)P 3 /AM at the onset of cellularization resulted in increased Bnk recruitment (Fig. S4 , A-E). Consistent with the rapid degradation of Bnk during the fast phase (Schejter and Wieschaus, 1993a) , loss of Bottleneck did not appear to be affected upon PI(3,4,5)P 3 /AM injection ( Fig. S4 , C-F). Taken together, these data suggest that Bottleneck acts downstream of PI(3,4,5)P 3 in counteracting PI(4,5)P 2 -mediated actomyosin contractility during the slow phase.
Bottleneck acts as a cross-linker/stabilizer of actin filaments
The bottleneck mutant phenotype suggests a putative role for Bnk in regulating the sliding of actomyosin filaments to prevent slow phase to increase up to the levels present during fast phase in wild-type embryos ( Fig. 6 B) , again like in PI(4,5)P 2 /AMinjected embryos. Second, Bnk colocalized with both the PI(4,5)P 2 and PI(3,4,5)P 3 sensors to the actomyosin network of early cellularizing embryos (Fig. 6 , C-N). Third, PIP strip binding and lipid flotation assays revealed that Bnk interacted with PI(3,4,5)P 3 and to a lesser extent with PI(4,5)P 2 (Fig. 7, A-D) . Fourth, FRAP measurements in embryos expressing YFP::Bnk under its endogenous promoter demonstrated that in wortmannininjected embryos the recovery rate of Bnk fluorescence was significantly faster (approximately two times) than in controlinjected embryos ( Fig. 7 E and Videos 9 and 10), thus showing that PI(3,4,5)P 3 production controls Bnk turnover at the furrow. Apical view illustrating the disorganization of the actomyosin network during fast phase (H). (I-L) Rapamycin injection at the onset of cellularization. The 5Ptase is recruited to the plasma membrane (I, red arrowheads), and furrows are assembled (J) and ingress normally (K). Apical view: during the fast phase the area of the actomyosin rings in rapamycin-injected embryos (L) is double the area of similar stage control-injected embryos (D; control = 11.96 ± 1.34 µm 2 , n = 5; rapamycin = 22.76 ± 7.11 µm 2 , n = 3; Student's t test, P = 2.74 × 10 8 ). (M-P) Injection of rapamycin in control embryos expressing the plasma membrane anchor FRB-CFP (CFP channel is not shown) and the FKBP construct lacking the 5Ptase catalytic domain (M) demonstrates that the morphology and dynamics of the actomyosin network is not altered upon rapamycin injection (N-P). Bar, 10 µm. See also Fig. S2 . Table ( LUT; ImageJ software) to produce false-color images. Pixels with a value of 0 are black and pixels with a value of 255 are red. Bars, 10 µm. (B-E) Still frame from a two-photon movie of a control (DMSO)-injected embryo taken after 20 min from the onset of cellularization (B) and of an embryo injected with wortmannin (C). (D and E) Apical view of the same control-and wortmannin-injected embryos. Wortmannin injection causes the premature conversion of the hexagonal actomyosin arrays into contractile rings recapitulating the PI(4,5)P 2 -injected and bottleneck mutant phenotypes. Bars, 10 µm. (F) Still frame from a two-photon movie of an embryo expressing Sqh::GFP injected with siRNA against Bnk during cycle 10, when the protein starts to be expressed. Bottleneck depletion causes premature contraction of the actomyosin network during early cellularization, resulting in a phenotype that is very similar to the PI(4,5)P 2 /AM/wortmannin-induced phenotype. Bar, 10 µm. (G) Apical view of the same embryo. Bar, 10 µm. Figure 6 . bottleneck mutant embryos display increased stability and recruitment of myosin-II to the furrows. (A) FRAP experiments in bottleneck mutant embryos (Df(3R)tll e ) expressing Sqh::GFP. In bottleneck mutant embryos the recovery rates of Sqh::GFP are slower than wild-type early embryos and similar to wild-type embryos during late stages. Quantification of three independent FRAP experiments is plotted (Student's t test, P = 2.98 × 10 34 wild-type early compared with Df(3R)tll e embryos). Errors bars represent mean ± SD. (B) Quantification of Sqh::GFP fluorescence intensity at the furrow in early embryos, late embryos, and bottleneck mutant embryos. In bottleneck mutant embryos the levels of Sqh::GFP are significantly up-regulated (approximately threefold) compared with similar stage wild-type early embryos (Student's t test, P = 0.0048) again like in PI(4,5)P 2 /AM-injected embryos. Each dot represents an embryo. At least three independent embryos were quantified. (C-H) Representative confocal sections of an embryo expressing the PI(4,5)P 2 sensor PLC1-PH::GFP, spatio-temporally coordinated manner in order to produce cell shape changes. The results presented here elucidate a regulatory mechanism linking actomyosin contractility with plasma membrane expansion during the morphogenesis of an epithelial tissue, the formation of the Drosophila cellular blastoderm. This mechanism is based on the temporal modulation of PI(4,5)P 2 -dependent ring contraction. One way to test this hypothesis would be to assess Bnk activity in actin polymerization/contractility in vitro assays using recombinant, purified proteins. However, as bacterially expressed recombinant Bnk is insoluble, we used a heterologous cell culture system that would mimic the transient expression of Bnk during cellularization. HeLa cells, which do not endogenously express Bnk, were transfected with Bnk tagged with mCherry. The result of this experiment demonstrates that mCherry::Bnk localized primarily to long cytoplasmic filaments aligned along the longitudinal axis of the cells (Fig. 8 A) . These filaments resembled stress fibers, contractile actomyosin filaments involved in cell migration. To confirm the nature of the Bnk-decorated filaments, HeLa cells expressing Bnk were co-stained with fluorescently labeled phalloidin, a compound that binds specifically to filamentous actin. Fig. 8, A and B show that Bnk and phalloidin completely colocalized. This staining also revealed that the levels of actin on stress fibers were drastically up-regulated in Bnk-expressing cells (to the extent that imaging phalloidin with the same setting as in control cells resulted in a complete saturation of the signal; Fig. 8 C) . To exclude the possibility that Bnk expression induces a conformational change in actin filaments that allows more phalloidin binding, HeLa cells were cotransfected with the actin-binding peptide Lifeact (Riedl et al., 2008) and Bnk. As shown in Fig. S5, A and B , expression of Bnk caused the formation of Lifeact-positive filaments that were thicker compared with Lifeact-only transfected cells. Unlike actin, myosin-II levels were not up-regulated upon Bottleneck expression ( Fig. 8 D) . Treatment of HeLa cells with cytochalasin D and latrunculin A, two actin-depolymerizing drugs, showed that in Bnk-expressing cells stress fibers were resistant to both treatments, whereas in nontransfected cells stress fibers disassembled completely within 15 min ( Fig. 8 E  and Fig. S5 , E-L). Thus, Bnk expression causes the stabilization of stress fibers leading to the assembly of thick filaments with a high actin/myosin ratio.
Collectively, these data show that PI(4,5)P 2 contractility is counteracted by Bnk and PI(3,4,5)P 3 , which act by limiting myosin-II recruitment and by stabilizing actin filaments in an interconnected array. Increasing the levels of PI(4,5)P 2 causes more myosin-II recruitment and premature contraction. Likewise, decreasing the levels of PI(3,4,5)P 3 or Bnk prematurely unlocks PI(4,5)P 2 contractility, causing the formation of shortened cells with abnormal shape (Fig. 9, see model) .
Discussion
A fundamental question underlying cell and tissue morphogenesis is how different types of actomyosin networks polymerize on specific plasma membrane domains and contract in a which was fixed and stained with anti-GFP (C) and anti-Bnk (D) antibodies. Cross sections (C-E) and apical view (F-H) are shown, illustrating the colocalization (yellow) between PLC1-PH::GFP (green) and Bottleneck (red) during the slow phase of cellularization (E-H). (C-E) Red line indicates the focal plane at which the apical view was imaged. (I-N) Representative confocal sections of an embryo expressing the PI(3,4,5)P 3 sensor GFP::AKT-PH, which was fixed and stained with anti-GFP (I) and anti-Bnk (J) antibodies. Cross sections (I-K) and apical view (L-N) are shown, illustrating the colocalization (yellow) between GFP::AKT-PH (green) and Bottleneck (red) during the slow phase of cellularization (K and N). Red line in I-K indicates the focal plane at which the apical view was imaged. Bars: (all panels) 10 µm. Figure 7 . Bottleneck binds to PI(3,4,5)P 3 and PI3-kinase activity is required to stabilize Bottleneck at the furrows. (A-C) PIP strips binding assays. 35 S-radiolabeled Bnk or 35 S-radiolabeled GFP (as a control) were incubated with PIP strips. After extensive washes, membranes were dried and exposed on an x-ray film at room temperature. Bottleneck interacts with PI(3,4,5)P 3 and to a less extent with PI(4,5)P 2 , PI(3,4)P 2 , and PI(3,5)P 2. A schematic representation of the lipids spotted on the membrane is shown (C). Arrowheads in A and C point to the PI(3,4,5)P 3 position. (D and E) Liposome flotation assay. HeLa cells expressing Bnk::GFP were lysed and incubated with either liposomes alone (DOPC) or with liposomes containing PI(4)P or PI(4,5)P 2 or PI(3,4,5)P 3 . Liposomes were floated by centrifugation in a sucrose gradient and the top layer was loaded on an SDS-PAGE. Western blot using an anti-GFP antibody shows binding of Bnk to PI(3,4,5)P 3 and to a lesser extent to PI(4,5)P 2 (n = 3). Lysate of HeLa cells expressing GFP was used as negative control (E). (E) FRAP analysis in embryos expressing Bnk::YFP under its endogenous promoter shows that in wortmannin-injected embryos, the Bnk fluorescence recovery rate is significantly faster than in control-injected embryos. For example, although in wortmannin-injected embryos the fluorescence was completely recovered after 60 s, in control-injected embryos, at this time point only 50% of the initial fluorescence was recovered. (Student's t test, P = 3.28 × 10 35 ; n = 5 embryos for each condition). Errors bars represent mean ± SD. 2013). Therefore, it appears more likely that the premature contraction observed in wortmannin-treated embryos is due to a lack of PI(3,4,5)P 3 rather than an increase in PI(4,5)P 2 levels. PI(3,4,5)P 3 might control actin polymerization in such a way that the actomyosin network acquires the conformation of an hexagonal array of dense actin bundles. During the slow phase, PI(3,4,5)P 3 is required to stabilize Bnk at the furrow, which, in turn, prevents the sliding of actomyosin filaments, presumably by acting as an actin cross-linker. Cross-linked actin filaments might be less accessible to myosin-II or, alternatively, steric hindrance by Bnk itself might prevent the incorporation of myosin-II. Consistent with this hypothesis, the expression of Bnk in HeLa cells causes the stabilization of stress fibers leading to the assembly of thick filaments with a high actin/myosin ratio. Furthermore, both bottleneck mutant and PI(4,5)P 2 -injected embryos are associated with increased recruitment and stabilization of myosin-II during early cellularization, reaching the levels present actomyosin contractility by PI(3,4,5)P 3 and Bottleneck. Our data argue that PI(4,5)P 2 is required for assembling the actomyosin network at the plasma membrane during the initial stages of cellularization. During the slow phase of plasma membrane invagination, PI(4,5)P 2 -dependent contractility is counteracted by the presence of PI(3,4,5)P 3 . During the fast phase, PI(3,4,5)P 3 levels decrease, allowing PI(4,5)P 2 to carry out its function on actomyosin contraction.
The morphological abnormalities resulting from increasing PI(4,5)P 2 or decreasing PI(3,4,5)P 3 levels point toward a different requirement for these two phosphoinositides on actomyosin organization. Although blocking PI(4,5)P 2 conversion into PI(3,4,5)P 3 with wortmannin should lead, in principle, to an increase in PI(4,5)P 2 levels, this increase should be minimal compared with the endogenous abundance of PI(4,5)P 2 in biological membranes. Indeed, estimates from a variety of different systems indicate that PI(3,4,5)P 3 is only 2-5% of PI(4,5)P 2 (Balla, domains might not be established until apical adherens junctions assemble toward the end of cellularization. However, whether a compartmentalized mode of action can be generalized to all morphogenetic processes in which PI(4,5)P 2 and PI(3,4,5)P 3 are involved awaits further experimentation. The development of new probes that would allow direct visualization and quantification of phosphoinositide concentrations in living cells and organisms will undoubtedly provide important insights into the function of this class of lipids during morphogenesis.
The balance between PI(4,5)P 2 and PI(3,4,5)P 3 is controlled by class-I phosphatidylinositol 3-kinase (PI3-kinase), which phosphorylates PI(4,5)P 2 to PI(3,4,5)P 3 , and by the 3-phosphate PTEN (phosphatase and tensin homologue), which converts PI(3,4,5)P 3 back to PI(4,5)P 2 (Stambolic et al., 1998) . It is therefore likely that the activity of these two enzymes is specifically regulated during cellularization in such a way that PI(3,4,5)P 3 levels at the leading edge of the furrows are higher during the slow phase. The decrease in PI(3,4,5)P 3 levels is concomitant with the disassembly of basal junctions and assembly of apical adherens junctions. Adherens junctions might modulate PI(4,5)P 2 /PI(3,4,5)P 3 levels by controlling plasma membrane recruitment of PTEN (von Stein et al., 2005; Pinal et al., 2006) and/or PI3-kinase. Interestingly, PTEN mutant embryos display several defects in cortical actin organization and slower cellularization kinetics. The interpretation of this phenotype is, however, complicated by the additional requirement of PTEN in controlling nuclear migration and axial expansion during preblastoderm stages (von Stein et al., 2005) . A more precise spatiotemporal modulation of PTEN activity will undoubtedly help clarify its specific role during cellularization.
In conclusion, the results presented in this study suggest a mechanism for temporally modulating the activity of PI(4,5)P 2 during tissue morphogenesis. This mechanism coordinating actomyosin contraction with plasma membrane expansion ensures that cells of the correct size and shape are generated ( Fig. 9, see  model) . The downstream cell biological basis underlying this coordination remains to be elucidated. Because membrane tension regulates both endocytosis and exocytosis (Apodaca, 2002; Boulant et al., 2011; Gauthier et al., 2011) and because during late cellularization, when the actomyosin network is converted into contractile rings. Similarly, the contraction of cytokinetic rings in cell culture is also associated with an increased stability of myosin-II in the equatorial cortex (Uehara et al., 2010) . It is therefore likely that these changes in myosin-II are the ultimate cause of premature contraction. In addition, hydrolysis of PI(4,5)P 2 into DAG and IP 3 might also contribute to contractility by increasing intracellular calcium and activation of myosin light chain kinase (Wong et al., 2005) .
In contrast to the PI(4,5)P 2 -induced phenotype, the cellularization phenotype induced upon increasing the levels of PI(3,4,5)P 3 is characterized by a disassembly of the actomyosin network and formation of multinucleated cells, recapitulating the nullo and serendipity- zygotic mutant phenotype (Schweisguth et al., 1990; Simpson and Wieschaus, 1990) . Taken together, our results are therefore consistent with a model in which PI(4,5)P 2 and PI(3,4,5)P 3 play distinct roles during morphogenesis. Recent data suggest that PI(4,5)P 2 and PI(3,4,5)P 3 are compartmentalized in different plasma membrane domains during cell polarization (Gassama-Diagne et al., 2006; Martin-Belmonte et al., 2007) . PI(3,4,5)P 3 localizes at the leading edge of migrating cells where it promotes lamellipodia formation, whereas PI(4,5)P 2 accumulates at the rear (Arrieumerlou and Meyer, 2005; Janetopoulos and Devreotes, 2006) . The distribution of PI(4,5)P 2 and PI(3,4,5)P 3 seems to be polarized also during cytokinesis, with PI(4,5)P 2 enriched at the cleavage furrow and PI(3,4,5)P 3 enriched at the poles, at least in some cell types (Field et al., 2005; Janetopoulos and Devreotes, 2006) . In polarized epithelial cells, PI(4,5)P 2 is localized to the apical surface and PI(3,4,5)P 3 to the basolateral plasma membrane (Comer and Parent, 2007) . Our results demonstrate that during cellularization, PI(4,5)P 2 is present at the apical surface but is also localized at the basolateral surface and at the leading edge of the furrows. Similarly, PI(3,4,5)P 3 is enriched at the basolateral surface but is also present at the apical surface. This might indicate that the newly forming cells are not yet fully polarized, or it might reflect the complex state of the plasma membrane during a process in which cytokinesis is coupled with the establishment of apical-basal polarity. Indeed, strict apical and basolateral Figure 9 . Model illustrating temporal modulating of PI(4,5)P 2 -dependent actomyosin contractility during tissue morphogenesis. In each horizontal row, the left two cartoons correspond to optical cross section and the right two cartoons correspond to apical view at the level of the actomyosin network. (Top row) During the slow phase, PI(4,5)P 2 (black) is required for the assembly and adhesion of the network to the plasma membrane. PI(4,5)P 2 contractility is opposed by the presence of PI(3,4,5)P 3 (light blue) and Bottleneck (dark blue). PI(3,4,5)P 3 is required for keeping the network interconnected and organized in a matrix of dense actin bundles (red) with a relative low concentration of myosin-II. Bottleneck contributes to stabilizing the network by cross-linking actin filaments and by limiting the incorporation of myosin-II (green). During the fast phase, the decrease in PI(3,4,5)P 3 levels and degradation of Bottleneck (Schejter and Wieschaus, 1993a) allow PI(4,5)P 2 -dependent contractility and basal closure. (Bottom row) An increase in PI(4,5)P 2 or a decrease in PI(3,4,5)P 3 levels during the slow phase causes premature contraction and formation of shortened cells with nuclei trapped in actomyosin rings recapitulating the bottleneck mutant phenotype. PI(4,5)P 2 /AM and PI(3,4,5)P 3 /AM synthesis All chemicals were purchased from Sigma-Aldrich except enantiopure, which was purchased from SiChem. PI(4,5)P 2 /AM and PI(3,4,5)P 3 /AM were synthetized as described previously (Laketa et al., 2009) . In brief, for the synthesis of membrane-permeant PI(4,5)P 2 , enantiomerically pure 3,6di-O-butyryl-1,2:4,5-di-O-cyclohexylidene-myo-inositol was treated with acid to remove the more labile trans-ketale. The resulting diol was phosphorylated with a phosphorous(III) reagent (dibenzyl-N,N-diisopropyl phosphoramidite) in the presence of tetrazole, followed by oxidation to bisphosphate at 78°C. Subsequently, the second ketale was removed and the axial hydroxy group was selectively esterified with butyric acid via an orthoester intermediate. The resulting alcohol was reacted with a 1,2-di-O-octanoylglycerol (benzyl)-N,N-diisopropyl phosphoramidite. Oxidation then provided a fully protected PIP 2 derivative, which was subjected to deprotection by hydrogenolysis on a palladium catalyst in glacial acetic acid. After freezedrying the lipid was subjected to alkylation by acetoxymethyl bromide in acetonitrile and diisopropylethylamine to give the desired membranepermeant PIP 2 . For the synthesis of membrane-permeant PI(3,4,5)P 3 , the butyrate in the 3-O position was selectively removed by treatment with diisopropylethylamine in methanol at 37°C. After removal of the labile transketale, the resulting three free hydroxy groups were phosphorylated as described above. All further steps proceeded highly similar to the synthesis of the PI(4,5)P 2 derivative. The chemico-physical properties of the final molecules and all intermediates were fully characterized by NMR, mass spectrometry, and chromatography.
Embryo injections and two-photon microscopy PI(4,5)P 2 /AM and PI(3,4,5)P 3 /AM were injected at the concentration of 2 mM and 1 mM, respectively, in a solution of 30% DMSO in PBS. The dilution factor upon injection in a Drosophila embryo is 1:50; therefore, the estimated final concentration in the embryos is 40 µM for PI(4,5)P 2 and 20 µM for PI(3,4,5)P 3 . Wortmannin (Sigma-Aldrich) was injected at the concentration of 5 µM in DMSO (final concentration 100 nM). Rapamycin (LC Laboratories) was injected at the concentration of 5 mM in DMSO (final concentration 100 µM). All compounds were injected in the posterior pole of the embryos. Embryos were dechorionated with 50% sodium hypochlorite solution, aligned and positioned on glass coverslip pretreated with heptane glue, and then covered with a thin layer of halocarbon oil 700/27 (1:2; Sigma-Aldrich). The coverslip was placed on a microscope slide platform and embryos were visualized using a standard 18 upright microscope equipped with a 10× objective (Carl Zeiss). Microinjection was performed with a microinjector (model 5242; Eppendorf). Microinjection pipettes were pulled from borosilicate glass capillaries (1.2-mm outer diameter × 0.94-mm inner diameter; Harvard Apparatus), using a P-97 Flamming/brown puller (Sutter Instrument). Embryos were immersed in PBS and imaged at 20°C using a two-photon microscope (LSM 780 NLO; Carl Zeiss) equipped with a two-photon laser (Chameleon; Coherent, Inc.) and a 32×/NA 0.8 water immersion objective (Carl Zeiss). GFP was excited at  = 950 nm. Images were acquired with Zen 2010 software (Carl Zeiss) and processed using ImageJ software (National Institutes of Health).
Immunofluorescence microscopy
Embryos were fixed in 4% paraformaldehyde (Electron Microscopy Sciences) and heptane (Merck) and stained with rabbit anti-GFP antibody (Torrey Pines) at the concentration of 1:500 and rat anti-Bnk at the concentration of 1:200. Alexa Fluor 488 anti-rabbit and Alexa Fluor 647 anti-rat (Molecular Probes) were used as secondary antibodies. HeLa and S2 cells were fixed in 4% paraformaldehyde (Electron Microscopy Sciences) in PBS for 15 min at room temperature and permeabilized with 0.1% Triton X-100 in PBS for 5 min. Samples were further incubated with an anti-rabbit myosin antibody (1:60; Biomedical Technologies, Inc.) in PBS containing 10% fetal bovine serum for 1 h at room temperature. Alexa Fluor 488-and Alexa Fluor 647-conjugated secondary antibodies (Molecular Probes) were combined with phalloidin 647 and phalloidin 488 (Molecular Probes), respectively. Fixed samples were imaged using a confocal microscope (LSM 780; Carl Zeiss) equipped with a Plan Apochromat 63×/NA 1.2 water immersion objective (Carl Zeiss). For every z-stack, each plane was separated by 0.5 µm.
Cell culture, transfection, and drug treatment Hela cells were cultured in DMEM (Gibco) containing 10% fetal bovine serum (PAA) and 2 mM l-glutamine (Gibco) at 37°C and 5% CO 2 . S2 cells stably expressing pMT-Gal4 were cultured in Express Five SFM (Gibco) containing 2 mM l-glutamine (Gibco) and puromycin (concentration 10 µg/ml; Invitrogen) at 25°C. 24 h before fixing, cells were induced with Copper(II) sulfate pentahydrate (Sigma-Aldrich) at the concentration of 700 µM. endocytosis and exocytosis are both required to complete cellularization (Sisson et al., 2000; Pelissier et al., 2003; Sokac and Wieschaus, 2008; Fabrowski et al., 2013; Lee and Harris, 2013) , increased actomyosin contractility might counteract plasma membrane expansion by altering endo-exocytic activities at the plasma membrane. Further experiments will be required to test whether this is the case.
Given the importance of actomyosin contraction in cell shape changes the results of our analysis could have important implications for understanding the temporal regulation of other types of actomyosin networks underlying the morphogenesis of multicellular systems.
Materials and methods

Fly stocks
Wild-type flies were Oregon-R; all stocks were maintained by standard methods at 25°C unless otherwise specified. yw*, sqh AX3 ; P[w+, sqh>sqh::GFP.RLC] (Royou et al., 2004; stock no. 42235, Bloomington Drosophila Stock Center) . The sqh ORF C-terminally tagged with GFP was cloned into the P transformation vector pCasPer downstream of the sqh endogenous promoter (1,328 bp from start codon). w*;; P[w+, sqh>sqh::mCherry A11 ] (Martin et al., 2009) . A 2-kb genomic fragment containing the squ promoter and ORF C-terminally tagged with mCherry and fused to the sqh 3 untranslated region (800 base pairs) was cloned into CasPer4. w*;; P[w+, H2AvGFP] (a gift from E. Wieschaus, Princeton University, Princeton, NJ); a 4.1-kb BglII His2AvD genomic fragment in which GFP was C-terminally fused to the His2AvD coding sequence and cloned into a CaSper4-based vector. y,w*;;P[w+, PTT-un1]gish spider (Morin et al., 2001) . GFP is inserted into the spider locus. The exact location is unknown. w*;P[w+,btl>Gal4, UAS>PLC-PH::GFP] (a gift from Maria Leptin, EMBL, Heidelberg, Germany). The PLC-PH domain, corresponding to residues 11-170 of human PLC1, fused C-terminally to GFP was cloned into a CaSper-based transformation vector. w*;;P[w+, UASp>GFP::AKT-PH] (this paper). The mouse AKT-PH domain residues 1-441, fused C-terminally to GFP, was cloned into pPW vector (Drosophila Genomics Resource Center, Bloomington, IN). w*,P[w+, UASp>mRFP::FKBP-5Ptase. The human FKBP12-coding sequence fused N-terminally to mRFP and C-terminally to human type IV 5Ptase catalytic domain (residues 214-644 in which the C641A mutation was introduced to destroy the C-terminal CAAX domain) was cloned into pPW vector (Drosophila Genomics Resource Center). w*;;P[w+, UASp>Lck-FRB::CFP]. The FRB domain corresponding to residues 2019-2114 of human mTOR1 was fused N-terminally to residues 1-20 of human GAP43 and C-terminally to CFP and cloned into pPW vector (Drosophila Genomics Resource Center). w*;; P[w+, 2kbBnk5>YFP::Bnk-3UTR]. N-terminal YFP tagged Bottleneck (YFP::Bnk) was cloned under the control of its endogenous promoter (2,017 bp from the start codon) and 3UTR (+768 from stop codon) into the P transformation vector CasPerR5.
Df ( Cloning and antibody generation All constructs were cloned into the pPW vector (Drosophila Genomics Resource Center) using the Gateway cloning system (Life Technologies) according to standard procedures. The antibody against Bnk was raised in rat (Eurogentec). Full-length Bottleneck cDNA was cloned into the Histagged Gateway pDEST17 vector (Invitrogen) and protein was purified from inclusion bodies under denaturing conditions (6 M Urea) using Ni-NTA agarose beads (QIAGEN). N-terminal YFP-tagged Bottleneck (YFP::Bnk) was cloned under the control of its endogenous promoter (2,017 bp from the start codon) and 3UTR (+768 from stop codon) into the P transformation vector CasPerR5, which carries in the selectable marker mini-white + . Transgenic flies were obtained by standard methods.
expressing Sqh::GFP during the slow phase of cellularization. Video 8 shows FRAP of a bottleneck mutant embryo expressing Sqh::GFP during the slow phase of cellularization. Video 9 shows FRAP in a control-injected embryo expressing YFP::Bnk during the slow phase of cellularization. Video 10 shows FRAP in a wortmannin-injected embryo expressing YFP::Bnk during the slow phase of cellularization. Online supplemental material is available at http://www.jcb.org/cgi/content/full/jcb.201309079/DC1. Transfection of plasmids was performed using Fugene HD (Roche) according to the manufacturer's protocol. Hela cells were treated with either 500 nM cytochalasin D or latrunculin A for 15 min at 37°C. S2 cells were treated with 100 nm rapamycin for 20 min at 25°C.
FRAP experiments
FRAP experiments were performed using a microscope (LSM 780 NLO; Carl Zeiss) equipped with a Chameleon two-photon laser ( = 950 nm; Coherent, Inc.). After three pre-bleaching scans, photobleaching was achieved using 50% laser power and 70 iterations. Fluorescence recovery was monitored by time-lapse imaging with 230-ms time resolution. The fluorescence intensity (FI) at each time point was divided by the average FI of the pre-bleaching images to obtain the recovery fraction. The statistical analysis was performed using a Student's t test.
Bottleneck siRNA Two different siRNA were designed against Bnk: bnk1, 5-AUGUCCAAGC-GAAAUAAUGUUUU-3 and 3-CAUUAUUUCGCUUGGACAUUUUU-5; bnk2, 5-CACCUUUGAGUCGGGUUUCUU-3 and 3-GAAACCCGACU-CAAAGGUGUU-5. 5 µM of each construct was mixed and injected in embryos before cycle 10 when the protein starts to be expressed. A siRNA against lacZ (5-AACCCUGGCGUUACACAACUU-3, 5-GUUGUGUAAC-GCCAGGGUUUU-3) was injected at the concentration of 10 µM using the same protocol.
PIP strips binding assays
Bottleneck and GFP were in vitro transcribed and translated using the TNT T7 Quick-Coupled Transcription/Translation System (Promega) and labeled using 10 µCi/µl 35 S-methionine. 35 S-radiolabeled Bottleneck or 35 S-radiolabeled GFP were incubated with PIP strip membranes (Molecular Probes) according to the manufacturer's protocol. After extensive washes, membranes were dried and exposed on an x-ray film (Kodak) at room temperature.
Liposome flotation assay 18:1 (9-Cis) PC (DOPC) 1,2-dioleoyl-sn-glycero-3-phosphocholine (Avanti Polar Lipids, Inc.) alone or together with each of the individual phosphoinositides (Avanti Polar Lipids, Inc.) was dissolved in a mixture of CHCl 3 /methanol/H 2 O (20:9:1) in glass vials and dried into thin films using an argon flow. Any residual trace of solvent was further dried under vacuum for at least 30 min. Liposomes were made by rehydrating the lipid films in rehydration buffer (10 mM Hepes, pH 7.4, and 150 mM NaCl) to a total lipid concentration of 3.8 mM at 62°C for 1 h and filtered through a nuclepore track-etched membrane (Waters) using a mini-extruder (Avanti Polar Lipids, Inc.) to the size of 100 nm. The final concentration of lipids in mol percentage was: 95% DOPC, 5% phospoinositides. 20 µl of the soobtained liposomes were mixed with 40 µg of Hela cell extract expressing Bnk::GFP in Hepes buffer (10 mM Hepes, pH 7.4, and 150 mM NaCl) and incubated for 20 min at room temperature. This mixture was then adjusted to 1 M sucrose, transferred to an ultracentrifuge tube, and overlaid with 100 µl of 0.75 M sucrose in Hepes buffer, followed by 20 µl of Hepes buffer. Liposomes were centrifuged for 30 min at 60,000 rpm in a rotor (TLA100; Beckman Coulter). Protein bound to liposomes (bound fraction) were collected by removing 80 µl from the top layer of the gradient and separated by SDS-PAGE. Western blot was performed using a rabbit anti-GFP antibody (Torrey Pines) and anti-rabbit HRP (Jackson ImmunoResearch Laboratories, Inc.). Fig. S1 shows that the PI(4,5)P 2 -induced phenotype is manifested only after the onset of cellularization. Fig. S2 shows that rapamycin-dependent translocation of 5Ptase causes loss of PLC1-PH-GFP from the plasma membrane in S2 Drosophila cells. Fig. S3 shows that PI3-kinase inhibition results in reduced PI(3,4,5)P 3 levels at the plasma membrane during cellularization. Fig. S4 shows that PI(3,4,5)P 3 /AM injection causes increased Bottleneck recruitment at the furrows. Fig. S5 shows that in Bottleneck-overexpressing cells, stress fibers are latrunculin A resistant. Video 1 shows Sqh::GFP dynamics in a control-injected embryo over the course of cellularization. Video 2 illustrates Sqh::GFP dynamics in a PI(4,5)P 2 /AM-injected embryo over the course of cellularization. Video 3 shows Sqh::GFP dynamics in a PI(3,4,5)P 3 /AM-injected embryo over the course of cellularization. Video 4 illustrates a Z-stack projection of myosin-II over the course of cellularization. Video 5 shows FRAP of a control-injected embryo expressing Sqh:: GFP during the slow phase of cellularization. Video 6 shows FRAP of a control-injected embryo expressing Sqh::GFP during the fast phase of cellularization. Video 7 shows FRAP of a PI(4,5)P 2 /AM injected embryo
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